This paper aims to clarify the process factors for applying the void free soldering process to practical use. Solder cleanliness lessens the influence of the heating rate on the void formation during soldering. The lowest vacuum for the purpose of void free soldering for cleaning and Ag coating, and for soldering were 2 × 10 −3 Pa and 4 × 10 −1 Pa, respectively. Cooling in N 2 lessens the void formation during soldering. The allowable standing time from the Ag coating to soldering is 25 h. The reliability of power modules made with this new process was satisfactory. (Received February 28, 2002; Accepted May 30, 2002) Keywords: void free soldering, silver film, vacuum of the chamber, vacuum of the soldering furnace, cooling in N 2 , reliability
Introduction
More and more Insulated gate bipolar transistors (IGBT's) are being used in major power devices for inverter equipment in traction motor drives. This is due to their high frequency switching speed and simple gate circuits. 1, 2) In order to make high voltage, high current IGBT's, modules with high reliability on which many chips can be assembled in parallel must be developed. 3) As previously reported, 3) one side of the chip is soldered to a common electrode, and the other side of the chip is connected to another common electrode by ultrasonic, thick Al wire bonding technology. A metal substrate and AlN are used for heat dissipation and insulation, respectively.
IGBT modules are composed of several materials each with a different thermal expansion coefficient. Therefore, thermal stresses are induced at the joints, i.e., solder joints and wire bonds. These stresses intensify with the heat loss, which in turn, depends on the area of voids at the solder joints, especially at the joints between AlN and the metal substrates. 4, 5) The area of voids increases substantially with the joining area as shown in Fig. 1 when joined by conventional H 2 soldering process.
We have investigated the factors which control void formation and developed a void free soldering process for large-area solder joints between AlN and metal substrates based on the controlling factors. 6, 7) In order to apply this process to practical use, however, we must identify the other factors which influence process feasibility. The factors include such variables as the surface cleanliness of solders, base pressures of cleaning, Ag coating and bonding equipment, and standing times from Ag coating to soldering.
In the first part of this paper, the effect of the above factors on the area percentage of voids at the large-area solder joints have been investigated to clarify the limit of process conditions. Then, the reliability of an IGBT module made with the soldering process within the limits is examined. 
Experimental Procedure
The surface oxides on Pb-Sn solder, before and after cleaning by Ar + sputtering for 0.5 h in argon pressure of 6 × 10 −1 Pa, were examined by electron spectroscopy for chemical analysis (ESCA) to clarify the effect of surface cleanliness on the void area at the solder joints. The surface oxides and carbon on Ag films sputtered on Ni plating were also examined by ESCA to confirm the influence of contamination on the void formation at the solder joints.
As shown in the previous papers, 6, 7) the void free soldering process consists of four steps, i.e., (a) cleaning the Ni plated film by Ar + , (b) Ag coating being applied to the cleaned Ni plated film, (c) heating the Pb-Sn solder sandwiched with substrates and Si in vacuum and (d) cooling the samples in N 2 . Hence the influence of the base pressure in the cleaning and Ag coating chamber, and the bonding chamber on the void area was investigated by varying the base pressure in both chambers. The base pressures were changed through the introduction of air to the chambers after they were first evacuated to the prescribed conditions.
The cleaning of the Ni plating and the solder was done in a vacuum chamber as shown in a previous paper.
7 ) The argon pressure was fixed at 6 × 10 −1 Pa. The RF power for cleaning and Ag coating was 0.4 kW and 2 kW, respectively.
For bonding, 0.4 mm thick 50 mass%Pb-Sn solders were sandwiched between 75 mm wide, 75 mm long, and 3 mm thick metal plates with 4 µm thick Ni plating. These samples were heated to 503 K in vacuum with a heating rate of 1 to 5 K/min.
To evaluate the joints, an ultrasonic inspection (UT) was used. To evaluate the reliability of the joints, the currentvoltage characteristics of the IGBT modules made with the void free soldering condition was inspected after the power cycle test. Figure 2 shows the area percentage of void (abbreviated as V.A. hereafter) at the solder joints as a function of the reverse sputtering time of the solder when the heating rate is fixed at 5 K/min. Here, plated Ni films were covered with 0.5 µm thick Ag films after cleaning for 100 s.
Results and Discussion

Influence of solder oxidation on void areas
V.A. decreases substantially with reverse sputtering time up to 10 s, and it takes almost the constant value of less than 0.1% from 20 to 50 s. However, it increases to 1.6% at a sputtering time of 100 s. This may be due to the amount of Ar contamination in the solder which increases with reverse sputtering time. Figure 3 shows V.A. as a function of the heating rate when the solders, both before and after cleaning, were bonded to Ag coated Ni platings. The V.A. is found to be almost constant, independent of the heating rate, for the joints between cleaned solder and Ag coated Ni plating. While, V.A. increases with heating rate for the joints between untreated solder and the Ag coated Ni plating. Figure 4 shows the ratios of SnO 2 and PbO to Sn and Pb in the Pb-Sn solder before and after cleaning. They were obtained by using ESCA. Here, the reverse sputtering time for the cleaning of the solder was 50 s and solder surface was examined within less than 0.5 h after cleaning.
In untreated condition, the Sn was more oxidized than Pb. This is because the standard free energy for the formation of SnO 2 at R.T. is lower than that of PbO. 8) In contrast, the extent of SnO 2 and PbO for cleaned Pb-Sn solder was much less than those that were untreated. In addition, the absorbed gasses and organics on the surface of solder can be removed by reverse sputtering.
Hence it seems reasonable to suppose that the heating rate will have no influence on V.A. in the case of using cleaned solder.
Influence of base pressure on V.A.
So far we have investigated voids when the base pressures for the cleaning chamber and the soldering chamber were 4.2 × 10 −7 Pa and 7 × 10 −7 Pa, respectively. However, soldering equipments requiring a low base pressure are not practical, because they need too much time to evacuate the chambers and this is a costly procedure. Hence we need to investigate the influence of base pressure on the V.A. in order to evaluate the practicality of this process. Figure 5 shows the influence of the base pressure of the cleaning and Ag sputtering chamber on V.A. and the thickness of Ni-Sn intermetallic compounds. V.A. is almost 0% independent of base pressures up to just below 10 −3 Pa. However it increases rapidly with pressures higher than 10 −3 Pa. On the other hand, the thickness of intermetallic compounds are almost constant independent of base pressures up to 10 −3 Pa, above which it decreases rapidly with base pressure. This means that V.A. decreases with the quantity of the interfacial reaction between Ni and solder. Figure 6 shows V.A. and the thickness of Ni-Sn intermetallic compounds as a function of the base pressure of the bonding chamber. V.A. is nearly 0% when the base pressure is between 10 −6 Pa and 10 −2 Pa. In this pressure range, the thickness of the intermetallic compounds is almost constant. However, V.A. increases rapidly when the base pressure is higher than 10 −2 Pa. The thickness of the intermetallic compounds also decreases substantially when the base pressure is in this pressure range.
Hence base pressures less than 10 −3 Pa for the cleaning and sputtering chamber and less than 10 −3 Pa for the joining chamber are recommended for practical use.
3.3
The influence of standing time after Ag deposition on V.A. The standing time after Ag deposition on V.A. has been investigated. The results for both cooling in N 2 atmosphere and in vacuum after keeping the sample at the peak temperature for 5 min are shown in Fig. 7 .
V.A. in both cases is almost constant, independent of the standing time up to 25 h, above which it increases substantially. Hence a standing time up to 25 h is advisable in the void free soldering process.
It is also clear that V.A. of joints obtained by vacuum cooling is much larger than that of joints by N 2 cooling. If the radius of a void at the pressure P 1 is defined as R 1 and that of a void at the pressure P 2 is also defined as R 2 , then the ratio of the void radius R 2 /R 1 is proportional to the root of the reverse ratio, as shown below.
9)
Therefore, it is reasonable to think that a void enlarges when cooled in vacuum, and it shrinks when cooled in N 2 . The oxygen and carbon contents on the surfaces of sputtered Ag films were examined by ESCA and plotted against their standing times in Fig. 8 . The carbon and oxygen contents on sputtered Ag films increase with the standing time. This result coincides with the results in which V.A. increases with standing time after Ag deposition. Thus keeping the Ag coated samples for one day before soldering is advisable to suppress the void formation. Table 1 summarizes the results of the reliability tests of 2 kV, 400 A modules. V.A. is less than 0.1%. In the temperature cycle test, the modules were repeatedly heated and cooled between 233-393 K. In the thermal fatigue test, a current was turned on and off in the modules so that the temperature fluctuation of modules, ∆T became 70 K. No failures were observed after the temperature cycle test up to 500 cycles or the thermal fatigue test up to 25000 cycles. 
Reliability of an IGBT module made with the void free soldering process
Conclusions
We have investigated the factors which influence the feasibility of this process for mass production. The following results were obtained.
(1) The influence of the heating rate on the area percentage of voids was minimized by cleaning the solder surfaces.
(2) The lowest vacuum level of the chamber for the purpose of void free soldering for cleaning and Ag coating, and for soldering were 2 × 10 −3 Pa and 4 × 10 −1 Pa, respectively. (3) The standing time allowed between the Ag coating and the void free soldering process should be less than 25 h.
(4) The reliability of the power modules made with the void free soldering process was satisfactory.
